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ABSTRACT 


It has been found that shear strain acceleration 
governs the machining parameters like to ol-chi p interface tempe- 
rature, shear angle, tool wear etc. It has been speculated that 
microhardness of the chips for the same machining conditions but 
for different shear strain acceleration would be different. 

To test this hypothesis, experiments have been conducted 

i 

using mild steel as work material and cemented carbide bits as 
tools . Experiments were performed in tv,?o* ways i.e., longitudinc 
turning and accelerated cutting. Chips were collected at the 
same machining conditions but at different shear strain accelerc 
tion, Ati-crohardness of the chips has been measured using Leitz- 
microhardness tester and the results have been analysed using a 
computer program CADEAG-1. 

Using the responses (i.e., microhardnesses), mathematic 
models have been evolved. Effects of different parameters (cutti 
speed, feed etc.) on the microhardness of the chips in all the 
three cases hawe been studied. It has been concluded that micro- 
hardness of the chips is governed by shear strain rate and shear 
strain acceleration and their governing parameters. j 
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INTRODUCTION AND LITERATURE SURVEY 
la INTRODUCTION 

The developments in nuclear and space technology 
have posed production problems in machining of hard, high 
strength and heat resistant metals and alloys# But, simul- 
taneous developments in tools and their coating materials 
have provided the solutions to these problems. Therefore, 
the need for testing the machinability of these newly deve- 
loped, diffult to machine materials is being increasingly 
felt. 

The machinability of materials is normally evalu- 
ated by expensive and time consuming lougitudinal turning tests. 
Alternatives to these tests are accelerated cutting tests like 
facing test [l] and taper turning test [2]. In accelerated 
cutting, the cutting speed varies continuously, where as in 
longitudinal turning, it is constant. These accelerated 
cutting tests provide quick estimates of machinability and are 
also economically viable. However, contrary to conventional 
longitudinal turning tests, the stress field in these tests 
is varying continuously. Hence, care has to be exercised 
while using machinability data obtained from these tests. 

Also, extrapolations may lead to inaccurate results. 

In industry, facing and taper turning operations 
are quite often used during machining. Therefore, an in -depti 
nf the* accelerated cutting tests and their effects on 
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machining parameters is of immense importance. 

Longitudinal turning tests have been studied 
deeply by a number of research workers all over the 

world. Effects of independant parameters like cutting speed, 
feed rate, depth of cut, tool angles etc, an dependant machi- 
ning parameters like shear angle [3,4], cutting forces [5], 
shear flow stress [6], tool chip interface temperature etc, 
have been studied. But no work has been reported about the 
effects of these independent parameters on variation of 
microhardness of chips during longitudinal turning as well as 
accelerated cutting tests. This study \would help in a better 
understanding of the metallurgical changes taking place in the 
chip material, while passing through primary and secondary 
shear deformation zone* 

1,1,2, Objective of Present itork I 

It was envisaged that the microhardness of the 
chips under the same machining conditions ( feed rate, cutting 
speed, rake angle, depth of cut etc#), but at different shear 

strain acceleration would be different# Also, the microhardness 

,-W : 

of the chips would have a significant influence on tool (^ar# 
Thus, the measurement of microhardness variation could provide 
sufficient insight into the cutting process so as to become I 
a response ( like shear angle, shear flow stress etc# ) for 
evaluating machinability#- ■ I 

To test the above hypothesis, a set. of experiments 
were performed using cemented carbide tips as tools and Mild st< 
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as work material* Experiments were designed such that 
longitudinal turning and accelerated cutting were carried 
out under almost similar machining conditions* The shear 
angle and raicrohardness of about 300 specimens, so collected 
was measured and the lirarious results analysed using a software 
package knovm as CADEAG • 1* 

To predict the independant, interactive and higher 
order iff acts of different independant parameters ( or factors ) 
experiments were planned using central composite rotatable 
design with half replicate [7 3# 

1,2 LITERATURE SURVEY t 

1,2,1 Alicrohardness distribution in PSDZ, 

No previous mivk has been reported, in the author *s 
knowledge, on microhardness variation of chips. Clack and 
Brewer [S] have attempted to study the microhardness variation 
within and around the cutting zone by freezing the chip using 
quick stop device (QSD), Their primary concern, however, had | 
been to determine the thickness of the primary shear deforma- 
tion zone. It is achieved by locating the boundary where | 
sudden change in microhardness, in the grid pattern marked i 
on warkpiece before conducting the experiments, takes place* 

Mills and Akhatar [9] have also conducted some I 

experiments about the measurement of microhardness of ferrite, | 
in the work material before machining and not that of chips. 
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Thus no literature is available as to show the 
effects of independant machining parameters on microhardness 
of chips during inachii^ing ( longitudinal as well as accelera- 
ted cutting)# • 

1*2,2 Shear flow stress dependance on strain rate and 
temperatures 

The shear flow stress variation with shear strain 

rates has been investigated by many researchers, [6,10,11,123, 

Manjoine [ll] has proved that the yield point stress, taken as 

the stress at lower yield point, increases continuously with 

Q ■ _ , 

the rate of strain Fig, (1,1), Ohm^i and Oshimaya [12] 

5 —1 

showed that for strain rate varying from 10 to 10 second , 
the yield stress increases linearly v/ith log of strain rate 
(log t) and decreases with increase in temperature Figrs |l,2, 

1,2,3 Effect of independant machining parameters on specific 
cutting work and cutting ratio t 

Based on a wide spectrum of experiments, Zorev [13; 
obtained the following results for cutting ratio}4 (d) variatioi! 
Figs (1*4) and (1*5)* Cutting ratio is defined as the ratio 
of defoimed chip thickness and the undefomed chip thickness, 
Zorev [is] explained these results on the basis of the effects 
of various factors (cutting speed, feed, depth of cut, rake | 
angle etc,) on angle of action, actual rake angle (a 
mean coefficient of friction, strain hardening effect and 
direct effect of cutting speed* 
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Fk). 1 .4 Influence of cutting speed on cutting ratio during longitudinal 
turning of 40 ftccl at different feeds (tool 20A-0, r «« 4 mm). 
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Fio.1.5 Influence of feed on cutting ratio during longitudinal turning 
of 40 8teel at different cutting speeds (tool 20A-0, t — A nun). 
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Mo. 1.6 Diagram showing regton of continuous plastic deformation 
(lector (A)) and sectors where plastic deformation may be accompanied 

by rupture (B and Q. 



Fio. 1.7 Diagram of typical influence of cutting speed on the cutting 
ratio and the projections of the cutting force when cutting steel with a 

small rake angle. 




Fig. 1 .8 , Relationship of the cutting ratio to mean chip-tool contact 
'temperature during longitudinal turning of 35Kh3MN steel (tool 20A-0, 
t — A mm, s = 0-125-0-78 mm/reV, v = 10-250 m/min). 



Fig. t.8. Relationship of specific work of chip formation to mean chip- 
tool contact temperature during longitudinal turning of 35Kh3MN steel 
(tool 20A-0, r = 4 mm, s — 0*125-0^78 mm/rev, t> = 10-250 m/min). 



. . Influence of cutting speed on mean chip-tool contact tempera- 

ure during longitudinal turning of 40 steel (tool 20A-0, t = A mm). The 
white and black points correspond to two series of experiments. 



fVi. Influence of feed on mean chip-tool contact temperature, 
(tool 20A-0, 40 steel, t — 4 mm). 





Fra. LI 2 Influence of rake angle on cutting ratio and vertical projection 
of force when cutting 40 steel (/ = 2 mm, j = 0'55 mm/rev. 



For lew rake angle, as cutting speed increases 
from near zero, the mean coefficient of friction et the 
tool-chip interface increases# Strain hardening of material 
also occurs* In the secondary shear zone, a stressed state 
is created where plasticity condition is not fulfilled* 
(Difference of principal normal stresses is less than shear 
flow stress)* 

J'lfean coefficient of friction and strain hafdening 
increase upto about 300®C* Thus have the possibility of a 
built up edge [BUE] is maximum* However, after 3CX)®C, shear 
flow stress decreases due to thermal softeiiing which dominates 
strain hardening* Shear flow of material in the upper zone 
( zone A Fig* 1*6) of the BUE starts and the BUE starts 
becoming smaller* (Though BUE is formed intermittently, this 
can be assumed to be a fixed zone for short periods of times)* 
At about 600°C the entire BUE disintegrates due to thermal 
softening and the actual rake angle becomes equal to the 
initial rake angle. The effect of BUE on actual rake angle 
and cutting ratio is shown in Fig* (1*7)* 

The effect of temperature on cutting ratio (d) and 
specific cutting work [6| is shown in Fig, (1»8)» The effect 
of strain hardening can be observed in the variation of speci- 
fic cutting work (Q_) with temperature (and so with cutting 
speed also as temperature rises with cutting speed Figs (1*9) 
and (MO)), Specific chip formation work (Q^) is the sum of 
specific friction work (Q^) depending on mean coefficient of 
friction (on took rake face) and the plastic deformation 





{la) 


However, cutting ratio should increase at low 
feed and low cutting speed, but it shows a decrease* Zorev 
explained these results by suggesting that the effect of 
BUE { and hence dominates the effect of strain harden- 

ing and mean coefficient of friction* Thus even though 
both strain hardening and friction coefficient are increasing , 
the specific cutting wrk and cutting ratio decrease in region 1 
due to a sharp decrease in actual rake angle value. Fig. (1.11) 


Fig. (1.12) shows that there is a sharp fall in 
cutting force and cutting ratio with rise in actual rake 
angle. 


In region 11, thermal softening dominates strain 
hardening. But the effect of reducing actual rake angle due 
to disintegrating BUE dominates, leading to an increase in 
specific cutting work Fig# (1*11). 

In region III, the effect of BUE is negligible 
as at high temperatures the BUE disappears. Ht-re, the effect 
of thermal softening dominates and the cutting ratio and 
specific cutting work decrease significantly* 



Elaborate studies have been made in the field 
of mechanics of orthogonal cutting. Howeve-r, almost all 
the analysis pertains to the situation v;hen cutting soeed 
is constant throughout the cut ( i.e. longitudinal turning). 
In accelerated cutting, cutting speed varies continuously. 


2.1 Shear angle: 


Kececioglu obtained photomicrographs of the plastic 
zone of machining using QSD. Based on his model, where he 
assumed that the plastic zone could be represented by a parallel 
sided shear zone, shear plane can be taken as AB. Fig. (2.1). 

The shear angle can be expressed in terms of tool 
rake angle (a) and the chip thickness ratio (r). 


tan (|) 


r Cos g 
1-r Sin a 


where 


_ undeformed chip thickness 
~ deformed chip thickness 


The shear strain. (y) is given by the expression 


( 2 . 1 ) 

( 2 . 2 ) 


Co s g 

Sin (j) Cos ((p2.'a") 


(2.3) 


and the rate of strain ■y ( ^ ) is 
tiating the above expression. 


obtained by differen- 




AREA ABC eza Plastic deformation zone obtained from photomicrographs. 


AREA PQRS Approximation of ABC in to a parallel sided zone. 

Fig. 2.1; Chip formation and deformation during orthogonal cutting. 





if 


V. Cos a 

c 

ds Cos(0- a] 


(2.4) 




where *d8* is the thickness of the primary shear deformation 


* •flQ 




S m 

■'*U2 Strain Accelerations 

I'"' 

* Strain acceleration d uring taper turning 


Fig, (2*2) shows that cutting speed increases 
'^I'^ilwthen machining from smaller end towards larger end. 




N.f.t 


LOGO. 60 


(2*5) 


’*5^“ 0 o from equations (2.4) and (2.5) 

I — M D **“Do .1 


I j. tt N r ^ . *^A “B N.f.t 1 Cos a. 1000 /« .v 

^ “ So" L V iooo.S'6-l Ss.coS ‘2*®' 

Win.J* Ifferentiating with respect to time and simplifying 

2i®fN^ Ctos a. fan ©t -2 /« 

n* • : ?r ' " '’ 7^T^7 ir !rt sec ^ (2.7) 


as semi-taper angle 

s strain acceleration in taper turning 
2,2 Strain acceleration during facing t 


In case of facing* the cu 
^ Fig. (2.3) 

Vf • ^ (D^+ ®/s 


facing* the cutting speed Off) is given 


( 2 . 8 ) 


I initial diameter in meters from which facing 

. «*j-tarts outwards. Substituting equation (2.8) in equation (2.4) 


{2*9) 


where 




ds Co'sC^-oe) 


sec 


-1 


is the strain rate in facing. 


Differentiating equation (2.9) 

2ieN% Cos qe -2 

ds Ss(f-a) 

where Yf strain acceleration in facing. 


2*3.1 Dislocation and material property effects* 


( 2 . 10 ) 


Seegar [14] represented the flow stress (o) of 
a metal as the sum of a thermal (t^ and an athermal (o^) 

component. 

o » + 0^ (2*li) 

Oj^ is also termed as the internal stress, and 
depends on temperature only through elastic constants and 
lattice parameters. This athermal stress thus represents 
the long range obstacles to dislocation movement, a typical 
example being other dislocations on parallel slip planes. 

The thermal stress term (o^) represents the short 
range barriers to dislocations movement and is of greater 
immediate significance as it explains the thermal softening 
effect. Obstacles having a stress field of less than a few 
atomic diameters are considered short range. These can however 
be overcome by thermal activation, A few comron examples 
being Peierls - Nabarro stressf forest dislocations, cross-slip 



of screv.' dislocations etc. At high temperatures (above 

o 

300 C) these short range barriers are overcome. Thus the 
thermal part of the flow stress reduces^ leading to what 
is termed as thermal softening* 

Strain hardening on the other hand is caused by 
increase in dislocation density and their interaction* This 
causes formation of forest dislocations, jogs etc*, which 
impede dislocation movement leading to higher flow stress [15 3* 

2.3*2 Interrelationship of dislocation interactions with 

strain acceleration and effect on shear flow stress i 

Shear strain rate (f) can be related to dislocation 
velocity and density [15] as 

f w a f b V (2*12) 

where is the mobile dislocation density, ‘b* the ’Burger 
Vector* ’v* the dislocation velocity and ’a* is a geometric 
constant less than one* Li (16) has shovm that there exists 
it power law between average dislocation velocity (v) and the 
shear stress (o) 

V • B (a*)®* (2.13) j 

where (S* is the reduced stress and is approximately equal to oj 
i and ra* are essentially characteristic material constants* m* 
bears an inverse relationship with strain rate sensitivity m# 
m* varying between 1.6 to 40 [iSj* Also Seegar [14] has 
proposed that shear flow stress (o) varies with dislocation 
density as -I 




in stage II of the generalized flow curve for single 
crystals Fig* (2.4). *Q* is the shear modulus of elasticity, 
*b* the burger vector and *a* a constant. 


Ihe microhardness of ferrite the specimen will vary 
somev^at proportionally to the shear flow stress of the 
material* ^^ow, differentiating equation (2*12) to get an 
expression for shear strain acceleration 


* a b + a V b (2*15) 

*a* is a constant and *b* is the burgervector which does not 
vary with time. Again, taking the logarithm of equation (2*13) 
and differentiating 


In V a In B + m* In (cr*) 


1 dv m* 

““ — as 


dcr 

dft 


Mai* miiaaiMN* 

V dt a 

( c* being approximately equal to o) 
Again differentiating equation (2.14) we have 


do 

it 


a' 


Gb 

7X72 


d P 

it 


ct* is the new constant* 

Using equations (2.15,2*16 and 2*17) 


(2.16) 


(2.17) 


« a (? b v In* . do . a v b f do 

7 o' “‘T*""® • it 

Y ** P ® ^ ( p* b (2*18) 

variation of shear flow stress with time was found 
by using the results of shear flow stress in accelerated cutting 


so rpm* were converted to shear flow stress versus time* 

This was then fitted to the power lav/ equation (ossat ) using 
the software CURVE. FOR. The coefficients ‘b* and *a* were 
found to be 0*126 and 37*2 respectively, "nie correlation 
coefficient was 0.62. This gave values of between 0.101 
and 0.032 for cutting speeds betv/een 0.34 m/s and 0.58 m/s • 

dfj 

This showed that the variation of ^ was small and that the 
shear flow stress could foe taken to vary as the reciprocal of 
strain acceleration. 

By reasoning, at a certain strain rate achieved through 
a high strain acceleration, the dislocation interaction may not 
occur (due to lack of time), to the extent it v/ould have been 
at that strain rate attained in the normal way. (say longitu- 
dinal turning i.e. without strain acceleration). Also phenomenon 
like jog formation may be inhibited or at least reduced. This 
would lead to lower deformation forces and hence a lower shear 
flow stress. 

In the cutting zone in accelerated cutting, the strain 
rate is continuously changing# The friction at the tool-chip 
interface is also changing with normal force* Temperature is 
increasing with cutting speed and thus with time. Strain 
acceleration could also be causing a temperature lag effect. j 
The analysis of such a complex situations is not theoretically 
possible, specially as the instantaneous values of temperature | 
at tool-chip interface, the diffusion rate and the friction 
state are not knovm, 

A set of experiments was designed using shear strain 

— 1 ^ -.1 ' 


Shear strain Rate (sec 


/ 



(Dimensions are in mm) 


Fig. 2.5 Dimensions of sample used tor torsion test 



Shear Stress (kg /mm^) 


were used as shown in Fig. (2.5) • The tests were done 
on INSTRON UMIVERSAL TESTIN'G fMCHINE l»fedel Mo. 1195. 

About 20 specimens were tested at four values of strain 
acceleration* This was achieved by varying strain rates in 
steps of 5 seconds initially* To change the strain accele- 
ration, steps of 3 seconds or less ( as required ) were taken 
for a given strain rate and then the next strain ralje step 
was taken. It was found that the material yields at lov/er 
shear flow stress, at a certain shear strain rate level, if 
higher strain acceleration was used. This observation proved 
our hypothesise as discussed above) that the shear flow stress 
should reduce at higher strain acceleration. 



CHAPTER 3 


EXPEHIim^TATICN 

The present work is carried out to determine the 
effect of shear strain acceleration and its governing parameters 
on microhardness of chips* ITiis microhardness is then compared 
with that obtained during longitudinal turning under the same 
machining conditions (feed rate, rake angle, cutting speed, etc) 
It is expected that shear strain acceleration and its governing 
parameters will substantially affect the micro hardness of the 
chips, 

A number of important factors like feed rate, cutting 
speed, taper angle and spindle speed were considered to 
formulate a set of cutting conditions .-accordance vsdth central 
composite rotatable design with half replicate C?]* Depth of 
cut and tool angles (tool bit type) were kept the same throu- | 
ghout the experimentation# 

Four variables (spindle speed , taper angle# feed rate# | 
and cutting speed) for taper turning# three variables (spindle 
speed# feed rate and cutting speed) for facing # and two varia-l 
bles (cutting speed and feed rate) for longitudinal turning J 
were^o correlate the effects of shear strain acceleration and 
its governing parameters on microhardness of the chips and j 
other responses ( viz* shear angle )* 

In H#S*S tools [6|,‘ fast wear of tools is a major 
handicap* This causes a reduction in depth of cut as the cut ; 



proceeds* So, in the vmrk reported in this thesis, cemented 
carbide tips were used as tools* Also higher cutting speeds 
(30 m/min to 60 m/min) were used since wear of tool was no 
longer a constraint. The wear of the carbide tips was 
checked under a tool makers microscope and found negligible. 

3*1* Specifications s 

1* Lathe : LB17| Machine no. 8285 HMT* India. 

2* Triangular carbide tips: Indian Tool Manufacturers 
Ltd. TPUN 110304 Batch ST3/P30. 

3* Tool rake angle *0®* 

4, Work Material Mild steel* 

5* Leitz Microhardness tester:- Miniload-2* 

6* Shadow Graph: MP 320 Carl Zeiss Jena* 

7* Zeiss Universal Microscope. 

3.2 Etesign of experiments: 

The design of experiments is the procedure of selecting) 
a number of trials and conditions for running them, essential | 
and sufficient for solving the problem that has been set with th* 
required precision* The following features are of great important 

1, Striving to minimize the total number of trials* j 
2* Simultaneous variation of all variables, determini 
a process according to rules of algorithm. 

cjea.-r ) 

y/ ■. The selection of a -dear- cut strategy, permitting 

the investigator to make substantial decisions ) 

after each series of trials. I 



In the present investigation, the central composite 
rotatable design with half replicate for 2 factors (longi- 
tudinal turning) as shown in table (la)| 3 factors (facing) 
as shovm in table (lb)| 4 factors (taper turning) as in 

tabli (lc)| provided in Appendix 1, were used. The trials 
for the experiments were generated with these factors and 
their level-values, given in tables (2a, 2b, 2c) respectively 
in the same Appendix? These also give the responses measured. 

The values given are the average values. The values 
of the standard deviation are also given for each experiment. 

The values of the parameters were chosen in accordance with the 
limitations of the work piece and the machine tool available. 

The work piece was carefully designed so that all the experiments 
could be carried out from the same materials. 

The measured ( and calculated) responses (shear angle 
and microhardness) were fitted into a second order model with 
the help of the software CADEAG-1, 

- ®o + ? , ^ + J, 

i=sl ial ** ** i<j 

The values of the constants given 

in table (3) in Appendix 1* 

3,3 Proceedurei 

A M,S* bar of 100mm diameter and suitable length was 
rigidly fixed in a 4 Jaw chuck# Depth of cut (i mA) was kept 
constant throughout the experimentation , To maintain approxi- 
mately orthogonal cutting conditions, the depth of cut should be 


z s • 


ratio of 8 or more is desirable) .Hovrever, machine load 
(at 500 rpra*) and other considerations ( like work piece 
size) did not allow a depth of cut larger than 1 mm* This 
gave a depth of cut to feed ratio variation between 3.4 and 
10* Also* to maintain the cutting edge perpendicular to the 
machined surface* triangular tool bits were used/ (square 
edge tended to rub on the work-piece surface)^ :^ecial care 
was taken, so that all the three types of machining (longitu- 
dinal, and taper turning and facing) were done from the same 
work piece* 

3,3*1 Longitudinal turning! 

In logitudinai turning, the spindle speed was kept 
low so as to keep the diameter large, for the same cutting 
speed Fig* (3*1) and thus effect the minimum reduction in 
work piece* 

Different diameters corresponding to the different ; 
cutting speeds were turned on the work piece* Chips were 
collected after chip formation had stabilized* | 

3*3*2 Taper turningi 

A taper turning attachment was used to provide the 
taper, and a cross slide to provide the depth of cut* Tool edgej 
was kept perpendicular to wrk piece and a mark was put at the 
diameter corresponding to the required cutting speed* Cutting 
was started from a reference cutting speed of 0,45 m/s and 
continued to the desired cutting speed* Chips were collected 
»t the instant the tool was at this mark of disired cutting 







Fig. 3.3 Specially designed work piece for chips collection during 
facing at certain cutting speeds denoted by steps 1 , 2 ,.... 

5 with a constant depth of cut for a treatment combination 


speed* Grooving could not be done as the v«>rk piece size 
was critical and also the cutting characteristics could 
change* The order of the experiments had to be carefully 
adjusted* (Table 2c) Fig. (3,2), 

3.3*3 Facing? 

In facing* a hole of the required diameter (corres- 
ponding to reference cutting speed ) was .• ' . i: th- 

(Fig. 3.3), Cross slide was used to provide depth of cut and 
cross feed to provide the feed. Before starting any trial, 
the job was turned to the required diameter (corresponding 
to the required cutting speed). The cutting was started from 
the inner diameter and the chip was collected at the outer 
diameter# 

3.3,4 Chip preparations 

Chips collected under different machining conditions 
were ground on a sand stone and then put upright in plasticene, 
A mould of Aluminium was put around each chip and freshly 
prepared *Araldite* adhesive paste was poured into the mould. 

This was left for 24 hours to solidify. Then) the 
mould ( which had been greased before use) was removed, leaving) 
the chip mounted in the ’Araldlte* base* | 

This mount was ground on a rough abrasive paper belt. 
Then these were polished using fine emery polishing paper 
with successively finer grades starting from I/O down to 4/0, 
to bring out the microstructure# Then these mounts were 



3.3 


vehicle* Polishing was done using a thick *Syivet’ cloth. 

3.3.4 Shear angle measureojent s 

The thickness of the deformed chips was measured 
using the shadowgraph. For this purpose three chips were 
picked up randomly from each trial. Using these values of 
deformed chip thickness in each trial, the values of the 
shear angle ( see equation 2.1) were calculated. The standard 
deviation of these shear angle values has been tabulated 
along with the average shear angle values. ( Tables 2a, 2b, 2c). 

The scatter was observed since the chip shape was not rectangu- 
lar and the appropriate thickness was measured by Judgement. 

3.3.5 Microhardness measurement i 

The mounted chips were then repolished and etched 
with nytal solution, in small batches, so that the micro- 
hardness of freshly polished chips could be taken. 

This was done using a leitz microhardness tester* ; 
This had a small square pyramidical indentor. A 15 gram load wa 
found suitable for a specimen of hardness of the range of mild 
steel. The size of the indentation diagonal was measured and 
the microhardness was read in VPM, from a conversion chart [18 ]• 

Care was taken to take the measurements on ferrite 
portions [18] only since the hardness of pearlite varies with | 
structure { fine or large grained) and composition (cementite 
percentage etc.)* The measurement results showed some scatter 
1193, hence about 12-16 measurements had been taken for each 



CHAPTER 4 


RESULTS AND DISCUSSIONS 

The experimental observations of shear angle and 
microhardness of chips were obtained under different cutting 
conditionst (spindle speed, cutting speed, feed j^rate etc.) 
for longitudinal turning, taper turning and facing. Depth 
of cut was kept constant in all the experiments. The response 
surface equations (3.1) for both shear angle and microhardness 
have been established. The details of constants of response 
surface equations have been given in table (3). The results 
are discussed in the subsequent sections. VMle discussing 
the results, the variation of microhardness in the workpiece 
along the radius has not been considered. Also the effect of 
secondary shear zone has not been taken into consideration. 

4.1 Shear angle i 

4.1.1 Longitudinal turning t 

Fig. {4,1a) shows the relationship between cutting 
speed and shear angle during longitudinal turning. In the 
begining, shear angle decreases and then it increases with 
increase in cutting speed. Fig* (4.ib) shows the variation 
of shear angle with feed rate. Initially, shear angle 
decreases and then it increases with increase in feed rate. 

The above results show a variation similar to the results of 
Zorev [133* 

l^ese results can be explained as follows t 




Effect of feed rate and cutting 
longitudinal turning o 










approximately. [I3tl9]. As cutting speed increases, mean 
temperature at tool-chip interface increases, leading to 
thermal softening. But at about 30 m/min, the size of the 
bult up edge is maximum. ( see Figs (1.4) and (1.7)). As 
the speed increases, the SUE and hence the actual rake angle 
starts decreasing. This leads to a rise in specific work 
done during chip formation (Fig. 1*11}* It has the dominat 
effect on specific cutting work as compared to thermal soft- 
ening* Thus, as the specific cutting v/ork increases the 
shear angle decreases* However, at cutting speeds near 60 m/min 
the thermal softening effect begins to dominate vsnd specific 
cutting work decreases leading to an increase in shear angle* 

Fig* (4.1b) can be explained as follows* Increase 
in feed rate leads to a rise in temperature, which affects 
the shape and size of the BUE* The decrease in shear angle 
with increase in feed is due to the decreasing actual rake 
angle ( due to destruction of SUE) and the subsequent increase 
is due to thermal softening* 

4*1.2 Facings 

Figs (4,2a,b) show the variation of shear angle with 
spindle speed for constant but different feed rates and cutting 
speeds* From these figures, it is evident that the trend of 
relationship between spindle speed and shear angle changes with 
the change in cutting speed as well as feed rate. For low 
cutting speed and low feed rate values, the relationship has 
an Increasing trend* But at slightely higher cutting speed and 
feed rate, shear angle starts decreasing with increase in 




Fig,4,3 Effect of feed rate on shear angle during facing. 



spindle speed* Shear angle value reaches a peak earlier 
for higher feed rate values than for a lovser feed rate value* 

Fig* (4*2e) has a relatively low cutting speed of 
30 rn/sm Here, strain hardening effect is dominated by the 
effect of increasing actual rake angle due to SUE formation* 

Vdth the increase in actual rake angle, specific cutting 
work fails and shear angle increases* (Fig* 1*11, 1*12)* 

In Fig* (4.2b), shear angle starts to decrease at high 
spindle speed and at high feeds* The thermal softening effect 
starts from this cutting speed value, but this effect is 
dominated by a decrease in actual rake angle value dueto 
reduction of SUE* As spindle speed increases, the shear 
strain acceleration also increases ( a square dependence 
exists* (equation 2,7, 2*10)}* The specific cutting work 
should decrease, but the effect of reducing actual rake angle 
appears to dominate and specific cutting work increases at 
higher spindle speeds, leading to a decrease in shear angle 
value* 

Figs (4*3 a, b) show the variation of shear angle 
with feed rate for different spindle speeds and cutting speeds* 
In Fig* (4*3a), shear angle increases if feed rate is increased, 
cutting speed and spindle speed being constant* At higher 
spindle speeds and cutting speeds, the shear angle Increases, 
reaches a peak, and then starts decreasing at low velocities 
(Fig* 4*3a), the increase may be due to the dominant effect of. 
increasing actual Take angle ( due to BUB )0 the effect of 
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Fig. 4.4 Effect of cutting speed on shear angle during facing. 







strain hardening being less dominant* As cutting speed 
increases* so does the temperature (Fig* 1#9, 1*10) at the 
tool-chip interface. 

Thus, in Fig, (4,3b) the effect of thermal softening 
causes reduction of BUE and thus leads to reduction in actual 
rake angle. The reduction in specific cutting work due to 
thermal softening is dominated by the increase in cutting work 
due to the decreasing actual rake angle. So shear angle now 
decreases as feed rate increases (Fig, 1,12)* 

Figs (4,4 a,b) show the variation of shear angle with 
cutting speed. For low feed rate and low spindle speed (Fig,4,4£ 
the shear angle increases with cutting speed. For higher feed 
rate values, the shear angle attains a maxima and then starts 
decreasing with increase in cutting speed. 

The effect of increase in cutting speed is due to 
increase in the chip-tool interface temperature. This causes 
an effect similar to that of feed rate. So at low feeds, 
shear angle increases with cutting speed. For large feeds, 
shear angle decreases with increase in cutting speed. The 
decrease is due to the effect of decreasing effective rake 
angle and the increase is due to the formation of BUE and 
the resulting increase in effective rake angle* 

4,1,3 Taper turningt 

Figs, (4*5 a,b) show the variation of shear angle 
with spindle speed* The value of shear angle decreases with 



= 0.8m/s r v=0.8m/s 

= 0.15mm/rev f =0.25mm/rev 



Fig.4.6 Effect of taper angl 



28 . r 

= 0.8 m/s V = 0.8 m/s 



Fig. 4,7 Effect of feed rate on shear angle during taper turning 



f 


increasing spindle speed at low feed values* Howeverf it 
increases slightely for high feed values* 

In Fig. (4, 5a), the feed is low but the cutting speed 
is high (VsaO.8 m/s). The fall in shear angle is due to the 
effect of decreasing actual rake angle ( and SUE), dominating 
the effect of thermal softening* At higher feeds, the effect 
of thermal softening dominates and a small rise in shear angle 
value results* 

Figs* (4,6 a,b) show that the effect of taper angle on 
shear angle is negligible. This is as the variation in taper 
angle taken is "1, A four degree change in taper causes 
only a change of *069 in strain rate and strain acceleration* 

Figs, (4,7atb) show the variation of shear angle with 
increase in feed rate* Shear angle increases with increase 
in feed rate. The cutting speed is relatively high {v=0,8 ra/s), 
^ St this speed, probably the thermal softening effect dominates 
the effect of reducing SUE* Due to the effect of strain acce- 
leration increase in shear angle is faster for higher spindle 
speeds than for lower spindle speeds, 

4,2 Mcrohardnessi 

4,2,1 Longitudinal turningi 

fig* (4,8 a) shows the variation of microhardness 
with feed rate. For low cutting speed values, microhardness 
increases with increase in feed rate, while for high cutting 
soeed values* it decreases. 



= 0.10 mm/rev 



.SEffect of feed rate and cutting speed on microhardness during 
longitudinal turning. 




feet of spindle speed on microhardness during facing 
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strain acceleration variation 


This variation can foe explained as follows* pAt low 
cutting speeds the increase in strain rate causes strain 
hardening (equation 2*4 )• leading to increase in microhardness • 

At higher cutting speeds f the effect of thermal softening 
dominates » leading to a decrease in microhardness* 

Fig«{4,8fo) shows the variation of microhardness with 
cutting speed* At low feed rates* the microhardness increases 
with increase in cutting speed* At high feed rates* the micro- 
hardness decreases with increase in cutting speed* 

This can be explained as folloivst At low feed rates, 
the strain rate Increases with increase in cutting speed and 
the strain hardening caused has the dominat effect. So the 
microhardness increases# At higher feed rates, the thermal 
softening starts to dominate since heat generation is move* 

Thus, the raicrohardness decreases with increase in cutting 
speed* 

4.2*2 Facing* 

These results can be explained considering the effects 
of three factors, namely strain hardening, thermal softeningi 
and strain acceleration. [ 

Fig# (4.9a) shows that at low cutting speeds, microhard- 
ness of chips increases with spindle speed, for low feed, tut 
it dectetses for high feed values# At high cutting speeds 
Fig. {4.9b) also, this trend is maintained# ' 

Ibis can foe explained if we take into account the strain 
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Fig.4ol2 Effect of feed rate on microhardness during facing. 
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Fig. 4,13 Strain rate variation for Fig 
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Gutting speedpvaries (see ref. 6) as 

^ S 3 k . ^ Sin (454^) (4.x) 

f Cos^ (| 

where k is a constant* So the effect of variation of shear 
angle is reflected in strain rate. For low cutting speed 
and feedf the shear angle ( and thus strain rate) value 
increases sharply with spindle speed. For low cutting speed 
and high feed rate, the strain rate value (Fig* 4,10b) incre— 
ases slightely and then decreases* Thus the effect of strain 
hardening dominates for lower feed values, leading to a rise 
in microhardness* For high feed values, the effect of strain 
hardening is less. The combined effects of theraai softening 
and strain acceleration demonate, leading to a decrease in 
microhardness. 

At high cutting speed ( Fig* 4*lla,b), there is still a 
rise in strain rate at low feed and a drop in strain rate at 
high feed value, so the same trend as in Fig* (4,9a) is 
maintained. . 

Figs. (4,12afb) show the variation of microhardness 
with feed rate* At low cutting speed, the raicrohardness incre- 
ases for low spindle speeds and decreases for high spindle 
speeds* This trend is maintained at higher cutting speeds 
(Fig* 4*12b) as well* 

The strain rate plots Figs* (4,13a, b) show that the 
strain rate at low cutting speed and low spindle speed increases 
with increase in feed rate# For high spindle speeds, this 
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Fig. 4,1 5Ef feet of cutting speed on microhardness during facing. 
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Fig. 4,16 Strain rate variation for Fig. 4.15 
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decreases with increase in feed rate. At higher cutting 
speed, however, strain rate decreases with increase in feed 
at all spindle speeds (Fig*4*14a,b). 

So at low cutting speed and low spindle speed, the 
effect of increasing strain rate dominates, leading to strain 
hardening and a rise in microhardness value. At higher spindle 
speeds, and low cutting speed, the strain rate decreases slightely 
causing lesses strain hardening. Thus the thermal softening 
effect dominates leading to a reduction in microhardness value. 

At high cutting speed and low spindle speed, strain 
rate decreases with increase in feed rate and the microhardness 
should decrease but it does not. At high cutting speed and 
high spindle speed, microhardness decreases with increase in 
feed rate as expected, due to theirraal softening# 

Fig. (4,15a, b) shows the variation of microhardness 
with increase in cutting speed# At low feed rates the micro- 
hardness decreases slightely then tends to increase. However, 
at high spindle speed,, high feed rate and high cutting speed 
(Fig* 4,15b) microhardness starts increasing with increase in 
cutting speed# 

The decrease in raicrohardness at low feed and low 
spindle speed is due to thermal softening# Strain rate 
Fig# (4#17 a,b) is higher for higher spindle speed, so the 
absolute value of microhardness is higher at higher spindle 
speed* The decrease in raicrohardness being due to thermal 

softening* 



Fig, 4,18Effect of spindle speed on microhardness during taper turning 
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0.15 mm /rev 



Fig, 4«19 Strain rate variation for Fig. 





leration variation for tig* 



At higher feed rate, the strain rate Fig. (4. 17b) 
increases at low spindle speed anddecreases at high spindle 
speed* Since the absolute value of strain rate at lower 
spindle speed is higher, microhardness is also higher at 
lower spindle speed* 

4*2*3 Taper turning! 

Figs* (4,i8a,b) show the variation of microhardness 
with spindle speed* The microhardness increases with increase 
in spindle speed. 

This can be explained on the basis of the effect of 
strain acceleration* Strain acceleration produces two opposing 
effects on shear flow stress viz* the temperature lag effect and 
the effect on material properties (dislocation generation and 
interaction). 

It is expected that at lower strain acceleration values, 
the effect on material properties may not be significant* Thus 
at lower strain acceleration values the effect of temperature 
lag may be dominant* At higher strain accelerations (Fig* 4*20) 
the effect inhibition of dislocation interaction and generation 
starts, and this dominates the effect of temperature lag* 

The strain acceleration values during taper turning are 
quite low as compared to facing* Thus in taper turning the 
effect of temperature lag plays a significant role* In the 
above case the strain acceleration variation can be seen in 
figure (4,20), The increase in strain acceleration causes 
the deformation to occur at lower temperatures than it would 
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Fig.4. 21 Effect of taper angle on microhardness during tap 



N Crpm) 



train rate variation for 




= u,om/s V =0.8 m/s 

= 0.15mm/rev f = 0.25 mm/rev 



Strain acceleration variation for Fig. 4.21 




normally occur. This leads to more w 

^3:ain hardening where 

strain acceleration is higher. Thi« j. 

inis explains the increase 

in microhardness with increase in spindle spe d 


Fig.(4.a) shows the variation of microhardness 
with taper angle. Microhardness increases with increase 

taper angle except a slight dip at the begining 


In 


Figs. C4.22a*b) and Figs, (4.2*?* k\ u ^ ^ 

^ ^ show that strain 


rate and strain acceleration both Increase with increase 
taper angle, so the microhardness increases with increase 

taper angle# 


in 


Figs. {4.24a, b) show the variation of microhardness 
with feed rate. The microhardness decreases with increase in 
feed rate. 


Figs. {4«25a|b) and Figs. (4«26a,b) show that while 
strain rate decreases slightely, the increase in strain 
tion is negligible. Thus the effect of thermal softening ang 
the reduced strain hardening lead to a reduction of microharg.^ 
ness. 

Fig. (4.27a, b) shows the variation of microhardness 
with cutting speed. Tbe variation is not significant but a 
slight increase in microhardness, is observed. This is due to 
the increase in strain rate with increase in cutting speed. 

4*3 Oveafviewl 

4, 3 .1 Comparison of Shear angle t 


The values of shear angle under similar machining 







4.25 strain rate variation for Fia, 


= 0.8nn/s 



26 Strain acceleration vatiatlon 
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are compared in Figs, {4,28a,b), The effect of feed and 
cutting speed an shear angle is more pronounced during 
facing and taper turning than in longitudinal turning. Also 
values of shear angle in longitudinal turning generally lie 
in between facing and taper turning. This however, depends 
on the values parameters Cv,f,©^) taken, 

4,3,2 Comparison of raicrohardness t 

Fig. (4,29a, b) shows the values of microhardness for 
facing, taper turning and longitudinal turning, under similar 
machining conditions (cutting speed, feed etc,). 

It is evident that the values of microhardness in 
facing are generally higher than those of longitudinal turning 
and taper turning. This is because the strain rates in facing, 
under similar machining conditions, are significantly higher* 
Michrohardness values in taper turning are generally in between 
facing and longitudinal turning, 

4,3*3 Mcro structure I 

The photographs of the microstructure of the cross— i 
section of the chip at 500 X magnification were taken, A study | 
of the microstructure shows that at high spindle speeds in facii 
the grains were more enlongated and appeared heavily strained. 
In taper turning, this trend was observed to a lesser extent 
and the microhardness values were also found to lie in between 
facing and longitudinal turning. In longitudinal turning the 
grain size was large and showed lesser sings of heavy deforaatioil 


CHAPTER 5 


CONCLUSIONS 

On the basis of experimental and analytical results, 
the following conclusions may be drawn* 

I* Shear angle: 

1* Shear angle increases with increase inspindle speed in 
facing and taper turning* At high feeds however, a 
reduction in shear angle value is observed in facing* 

2* Shear angle for low feed decreases with cutting speed 
for taper turning and longitudinal turning, while it 
increases for facing. At higher feed, however, it 
decreases for facing too, 

3, Bie shear angle variation with feed is similar to the 
variation with cutting speed, 

4, The effect of taper angle an shear angle in taper 
turning is not significant, 

5, The values of shear angle for taper turning are lowest. 
The variation for facing is maximum, 

II, Microhardness I 

1, Microhardness increases with spindle speed in taper 
turning and facing at low feeds* In facing however, at 
high feed this decreases. 

2, Microhardness increases with increase in cutting speed 
at low feed in every case. At high feeds, there is a 
decrease in microhardness in longitudinal turning and 



and taper turning * 

3* The microhardness follows the same trained as cutting 
speed with feed rate, to a large extent* With taper 
angle, the microhardness increases* 

4, Microhardness values for facing are generally the 
highest. For taper turning, these lie between those 
of facing and longitudinal turning. Changes in 
microhardness are more drastic in facing. 

Scope for future work* 

1. The scope, for work in the field of density variation 
during accelerated cutting and it*s effect ©n material 
properties, is immense* 

2. The stress field on the tool face, as also the diffusion 
rate variation, need to be studied, 

3. Ultore detailed microhardness studies are required to 
establish microhardness as a dependant parameter, 
reflecting the conditions in the machining zone. 

4. Microhardness redings on the underside of the chip 
would perhaps show less scatter* This aspect could be 
explored. 
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APPEMDiy » I 


TABLE It levels FOR DIFFERENT FACTORS 
1(a) longitudinal TURNING 









FACTORS 

-2 


-1 

0 

1 

2 

Feedji 

0*10 


0,15 

0,20 

0,25 

0.30 

(mm/rev) 

Cutting 

Speed* X 2 {in/s) 

0.5 


0,6 

0.7 

0.8 

0 # '9 



1 (b) 

FACING 








Levels 



FACTORS 

-2 



0 

1 

2 

Spindle Speed* 

160 


(240*) 250 320 

400 

(480*) 500 







Feed* X 2 (mm/rev ) 

0*10 


0,15 

: 0' 

(C.; ♦)0,26 0.30 

Cutting Speed 
X3(m/s) 

0,5 


0.6 

0,7 

0.8 

0,9 



1(c) 

TAPER TURNIM3 





> 





FACTORS 

*•2 


-1 

0 

1 ■ 

2 

Spindle Speed* 
(r,p»m) 

160 


(240*250) 

320 

400 

(480*) 500 

Taper Angle 

Xo (degrees) 

A. 

4 


5 

6 

7 

8 

Feed* (nra/rev) 0*10 

0.15 

0,20 

0,25 

0,30 

Cutting speed* 
X4(m/8) 

0,5 


0,6 

0,7 

0.8 

0.9 


* lumbers netting brackets indicate calculated values of 
factors not available on machine tool. 
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APPENDIX ^ 2 


Cailculation of average inicrohardness vainest 

The average value (xj^) was found fox these 12 to 
1(5 values of each run and then the standard deviation was 
calculated the control liinites of jr 3 were used the 
points line outside the limits of + 30j^/fn were dropped out 

and a new mean (x) and a new standard deviation was computed* 

Upper control limit * “Yn 

Lower control limit « •• 

v^ere o a standard deviation 

n « sample size 
X w average microhardness (VPN) 

e«g* 

In an experiment followdng microhardness were measured 
207, 210| 210, 190, 187, 214, 193, 200, 207, 210. 

For above observation »» « 202,8 

^1 ** 9,13 

Now, ua » 202.8 4. MaM a 211.4 

' flO 

LCL * 202,8 • « 194,2 

fiO 

•0 the values 187, 190, 193, 214 were dropped, 

th® flew average, x ■* 207,34 and new cr *» 3,54 

.®i# average values of microhardness In VPN and o are given in 


tattles (2a,biC}, 
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